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Abstract 

The  pressure  and  flow  field  of  a  supersonic  flow  over  a  cavity,  with  and  without  a 
store,  was  the  focus  of  this  experimental  investigation.  A  single  cavity  geometry,  with  a 
length  to  depth  ratio  of  3.6  was  studied  while  the  freestream  Mach  number  and  the 
placement  of  the  store  relative  to  the  cavity  floor  were  varied. 

The  traits  of  the  pressure  spectra  on  the  cavity  floor  were  markedly  different 
between  freestream  Mach  numbers  of  1.8  and  2.9.  While  the  Mach  1.8  case  exhibited 
clear  spectral  peaks  consistent  with  predictions  by  Rossiter,  the  Mach  2.9  flow  field  did 
not.  With  the  store  placed  within  the  free  shear  layer,  the  level  of  pressure  fluctuations 
measured  on  the  cavity  floor  decreased  for  the  Mach  1.8  case  and  increased  for  the  Mach 
2.9  case. 

High-speed  Schlieren  photography  was  used  to  visualize  the  interaction  of  the 
free  shear  layer  and  the  modeled  store.  Images  revealed  that  flow  structures  in  the  free 
shear  layer  of  the  Mach  2.9  flow  exhibited  less  spanwise  coherence  than  their  Mach  1.8 
flow  counterparts.  Images  also  revealed  vertical  displacement  of  the  free  shear  layer  as 
the  store  traversed  through  it. 

Pressure- sensitive  paint  (PSP)  was  utilized  to  quantify  the  full- field  mean  pressure 
on  the  cavity  floor  and  store.  A  pressure  rise  near  the  trailing  edge  was  noted  for  both 
freestream  Mach  numbers.  The  mean  pressure  contour  of  the  floor  for  the  Mach  1.8  case 
exhibited  considerable  three-dimensionality,  despite  the  generally  spanwise  coherent 
structures  in  the  free  shear  layer.  The  store  exhibited  asymmetry  in  the  pressure  field  and 
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a  strong  dependence  on  its  vertical  position.  The  pressure  fields  were  then  integrated  over 
the  area  of  the  store,  resulting  in  the  calculation  of  the  aerodynamic  coefficients. 
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FLOW  AROUND  AN  OBJECT  PROJECTED  FROM  A  CAVITY 


INTO  A  SUPERSONIC  FREESTREAM 

L  Introduction 

Section  1  -  Motivation 

Internal  weapons  bays  on  military  aircraft  have  a  number  of  design  advantages  in 
comparison  to  external  stores.  A  short  ist  of  these  advantages  include:  elimination  of 
aerodynamic  heating  of  the  store,  lower  radar  cross-section  and  reduced  aerodynamic 
drag,  which  directly  leads  to  increased  maneuverability  and  range  (5:1). 

However,  internal  weapons  bays  are  not  without  ne^tives,  which  can  be 
magnified  when  supersonic  store  release  speeds  are  desired.  These  side-effects  present 
themselves  at  the  beginning  of  the  store  release  cycle.  Once  the  weapon  bay  doors  are 
opened,  the  geometry  of  the  cavity  and  the  freestream  flow  conditions  dictate  the 
resultant  flow  dynamics  over  the  cavity.  One  of  the  most  common  phenomena  is  the 
formation  of  self-sustaining  pressure  oscillations,  creating  cavity  resonance,  which  can 
lead  to  structural  fatigue  of  the  aircraft  and  the  store  and  extensive  damage  to  sensitive 
store  electronics.  The  second  major  concern  occurs  when  the  store  is  released  and 
interacts  with  the  unsteady  airflow  present  in  the  dynamic  shear  layer  formed  over  the 
cavity.  Unpredictable  motion  of  the  released  store  can  be  directly  attributed  to  this  shear 
layer  interaction,  which  could  lead  to  the  store  missing  its  intended  target  or  even  aircraft 
damage.  Another  concern  is  the  traversing  of  the  store  through  the  shock  that  is  formed  at 
the  leading  edge  of  the  cavity,  which  can  also  lead  to  unpredictable  store  motion.  For 
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these  reasons,  modem  aircraft  with  internal  weapons  bays  typically  decelerate  to  subsonic 
speeds  prior  to  store  release,  greatly  increasing  the  vulnerability  of  the  aircraft. 

Engineers  have  successfully  integ'ated  aircraft  and  stores  for  subsonic  store 
release,  since  they  have  been  in  use  for  decades,  and  there  hasn’t  been  an  overwhelming 
need  for  supersonic  stores  release.  However,  as  the  targeting  capabilities  of  hostile  parties 
increase  over  time,  the  requirement  that  an  aircraft  slow  down  prior  to  store  release  could 
have  serious  consequences.  For  this  reason  support  is  growing  for  a  supersonic  strike 
aircraft. 

To  achieve  a  successful  munitions  release  all  components  essential  to  the 
separation  process  must  be  integrated  correctly.  The  three  main  components  are  the 
aircraft  (and  the  subsequent  design  of  the  weapons  bay  or  cavity),  the  store  ejector  system 
and  the  store  itself.  The  design  of  a  new  aircraft  incorporates  the  ability  to  utilize  stores 
currently  in  use  or  under  production,  but  over  the  life  of  the  aircraft  munitions  evolve  and 
new  munitions  become  available.  On  the  other  hand,  munitions  designers  are 
concentrating  on  making  the  best,  most  reliable  munition  available.  Over  the  life  span  of 
the  aircraft  and  the  munition,  it  is  quite  possible  combat  stores  configurations  could 
evolve  into  a  combination  not  envisioned  by  the  designers  of  either  component.  The 
design  of  the  ejector  system  used  to  push  the  stores  from  the  weapons  bay  and  safely 
away  from  the  aircraft  is  also  integral  to  release. 

There  have  been  a  number  of  published  studies  of  the  aerodynamics  of  stores  in  a 
supersonic  flow  (9;  26),  and  there  have  been  numerous  studies  on  the  effects  of 
supersonic  flow  over  a  cavity  and  the  attempt  to  control  it  (5 ;  24;  25),  but  there  have  been 
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few  studies  of  the  integration  of  the  store  and  the  cavity  (2).  Since  the  ultimate  goal  is  to 
provide  advanced  stores,  released  from  advanced  aircraft  in  an  accurate  and  predictable 
manner,  the  intent  of  this  exp  eriment  is  to  improve  the  understanding  of  the  interaction  of 
the  store  and  cavity  exposed  to  a  supersonic  freestream  as  a  system. 

Section  2  -  Research  Focus  and  Goals 

As  stated  earlier,  there  have  been  very  few  studies  that  have  examined  the 
interaction  of  the  cavity  and  the  store  as  a  system.  This  raises  many  questions  about  the 
effect  the  store  has  on  the  flow  characteristics  of  a  cavity,  particularly  in  supersonic  flow. 
The  following  paragraphs  will  lay  the  foundation  for  the  reasoning  behind  the 
experimental  set-up  and  data  acquisition  methods  and  techniques.  They  will  also  provide 
a  path  leading  to  the  overall  goals  of  the  experiment. 

The  focus  of  this  experimental  procedure  was  to  characterize  aspects  of 
supersonic  flow  over  a  cavity  and  to  study  the  interaction  of  a  simulated  store  exiting  the 
cavity  and  its  effect  on  the  flow  around  the  cavity.  A  single  cavity  with  a  length  to  depth 
ratio  of  3.6  (L/D=3.6)  and  a  single  store  geometry  were  tested  in  AFIT’s  supersonic 
blowdown  wind  tunnel  facility.  Freestream  conditions  of  Mach  1.8  and  Mach  2.9  were 
explored.  Data  was  obtained  with  an  array  of  high-speed  pressure  transducers,  pressure 
sensitive  paint  (PSP),  and  Schlieren  photography. 

The  array  of  five  high-speed  pressure  transducers  served  two  important  functions. 
First,  they  were  used  to  obtain  the  fluctuating  pressures  present  on  the  cavity  floor  during 
testing.  Given  the  cavity  geometry  and  from  existing  literature,  it  was  expected  the  high¬ 
speed  pressure  transducers  would  capture  the  self  sustaining  frequency  oscillations 
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produced  by  the  high-speed  flow  over  the  cavity.  Once  the  baseline  oscillations  were 
known,  the  next  step  was  to  determine  if  the  presence  of  the  store  had  any  effect  on  the 
oscillations.  The  effect  of  a  change  in  freestream  Mach  number  was  also  explored. 
Second,  the  transducers  were  used  extensively  in  conjunction  with  the  PSP  for  calibration 
of  the  PSP  and  data  verification. 

The  placement  of  the  transducers  on  the  floor  of  the  cavity  served  several 
purposes.  First,  mounting  on  the  cavity  floor  locates  the  transducers  in  proximity  to  the 
PSP  painted  surface,  making  it  an  ideal  setting  for  the  in-situ  calibration  that  will  be 
explained  in  detail  in  Chapter  III.  Second,  the  placement  of  the  transducers  could  be 
similar  to  the  placement  one  might  expect  in  a  flow  control  feedback  system,  where 
pressure  data  provides  the  basis  for  the  oscillation  of  the  active  flow  control  device. 
Another  important  reason  is  the  availability  of  other  published  cavity  flow  data  that  also 
used  pressure  transducers  located  on  the  cavity  floor,  allowing  for  comparison. 

The  key  advantage  of  a  pressure  sensitive  paint  system  is  its  ability  to  provide  a 
global  mapping  of  the  pressure  levels  over  an  entire  surface  non-intrusively.  The  only 
change  to  the  geometry  of  the  test  surface  s  a  thin  layer  (10-15  pm)  of  paint  (19). 
Developed  in  the  1980’s  in  the  former  Soviet  Union,  PSP  has  continued  to  evolve.  Early 
PSP  coatings  were  not  very  sensitive  and  were  highly  temperature  dependent  (3:158).  But 
newer  paints  have  been  developed  that  exhibit  negligible  temperature  sensitivity  over  a 
large  range  of  temperature  operation  conditions.  Figure  1  shows  a  sample  painted  with 
PSP  and  a  visualization  of  he  resulting  pressure  distribution  that  results  after  image 
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processing.  The  technology  behind  PSP  as  well  as  the  specific  paint  used  in  this 


experiment  will  be  discussed  in  Chapter  II  and  Chapter  III,  respectively. 


Figure  1.  (a)  Sample  painted  with  PSP  and  (b)  Resulting  pressure  output 


The  PSP  was  applied  to  the  cavity  floor  and  to  the  simulated  store.  The  floor  was 
painted  for  two  reasons.  First,  it  allowed  the  pressure  measurement  of  the  entire  cavity 
floor,  since  the  pressure  transducers  only  measured  specific  locations.  Second,  as 
mentioned  before,  the  combination  of  the  PSP  and  the  pressure  transducers  at  the  same 
location  allowed  direct  calibration  of  the  PSP.  The  simple  geometry  of  the  cavity  floor 
provided  the  additional  benefit  of  facilitating  the  PSP  data  processing  since  these  are 
initial  tests  with  this  system.  In  the  future,  as  PSP  and  camera  technology  continue  to 
improve,  the  mean  pressures  determined  here  will  also  provide  a  baseline  to  compare 
fluctuating  pressures  measured  using  time-accurate  PSP. 

The  store  was  painted  primarily  due  to  the  difficulty  of  installing  multiple 
pressure  transducers  on  the  store.  Pressure  data  on  the  store  was  desired  to  provide 
baseline  data  to  be  used  to  accurately  characterize  the  pressure  field  encountered  by  the 
store.  The  results  here  lend  considerable  insight  into  the  pressures  acting  on  the  store  at 
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various  vertical  locations.  In  turn,  this  pressure  field  can  be  used  to  calculate  the 
aerodynamic  coefficients  to  predict  store  trajectory.  Again,  this  information  is  not  readily 
available  in  existing  literature.  In  addition,  the  pressure  field  could  be  used  as  a  basis  for 
comparison  to  computational  fluid  dynamics  results.  There  is  great  future  potential  for 
improved  forms  of  PSP  to  measure  fluctuating  pressures,  which  would  allow  actual 
release  of  a  simulated  store  in  a  wind  tunnel,  which  is  nearly  impossible  with  the  use  of 
pressure  transducers  and  their  associated  wiring. 

The  use  of  pressure  transducers  and  PSP  reveals  much  about  the  interaction  of  the 
cavity  and  the  store,  but  not  the  entire  picture.  The  use  of  Schlieren  photography  provides 
a  real-time  visualization  of  the  shear  layer  dynamics  as  well  as  the  interaction  of  the 
simulated  store  and  shear  layer  to  help  complete  the  picture.  It  is  common  in  both 
literature  and  in  practice  to  assume  a  pseudo  steady  shear  layer  for  external  store 
separation  (15:938;  29:518),  but  serious  questions  arise  as  to  whether  this  assumption  b 
valid  for  internal  store  separation.  The  effect  of  compressibility  on  the  shear  layer,  not  to 
mention  the  store  cavity  system  is  also  an  open  question.  Likewise,  as  the  store  is 
introduced  into  the  system,  it  may  influence  the  shear  layer.  Schlieren  photography  is 
able  to  provide  considerable  insight  into  these  issues. 

Stated  concisely,  the  overall  goal  of  this  experiment  is  to  accurately  characterize 
aspects  of  the  interaction  of  a  cavity  and  simulated  store  in  a  supersonic  freestream  flow. 
The  experimental  results  gained  from  this  experiment  successfully  led  to  increase 
understanding  of  the  complex  store-cavity  interaction  that  occurs  at  supersonic  speeds. 
Furthermore,  this  research  provides  benchmark  global  mean  pressure  data  that  could  later 
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be  compared  to  time-accurate  PSP  measurements  or  to  cases  where  flow  control  devices 
are  implemented  to  alleviate  the  undesirable  characteristics  of  supersonic  store  release 
from  a  cavity. 

Section  3  -  Outline 

This  section  provides  an  overview  of  the  chapters  to  follow.  Chapter  II  provides 
an  overview  of  the  aerodynamics  associated  with  cavity  flows  and  some  previous  results. 
It  also  presents  the  theoretical  details  of  PSP.  Chapter  III  details  the  experimental  set-up 
used  to  conduct  this  study.  In  Chapter  IV  the  results  of  the  experiment  are  presented  and 
analyzed.  Finally,  Chapter  V  includes  conclusions  and  discasses  possible  future  work. 
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11.  Theoretical  and  Experimental  Background 
Section  1  -  Flow  Characteristics 

Despite  its  geometric  simplicity,  flow  over  a  cavity  leads  to  a  complex  flow 
problem.  The  dynamics  of  the  cavity  flow  problem  are  a  function  of  the  freestream  flow 
conditions  and  the  cavity  geometry.  The  main  areas  of  interest  concerning  cavity  flow  are 
the  freestream  flow,  incoming  boundary  layer,  shear  layer,  and  the  flow  inside  the  cavity, 
all  displayed  in  Figure  2  (16:847). 


M -  L  - ► 

Figure  2.  Compressible  two-dimensional  cavity  flowfield.  (16:847) 


There  are  two  main  classifications  for  characterizing  cavity  flows:  open  and 
closed  flow.  As  shown  in  Figure  3,  the  type  of  flow  produced  is  a  function  of  geometry. 
Closed  flows  are  formed  when  the  length  to  depth  ratio  is  greater  than  13,  and  open  flows 
are  for  an  L/D  less  than  1 0,  with  a  transitional  area  between.  For  closed  flows,  the  shear 
layer  expands  at  the  leading  edge  of  the  cavity  and  impinges  on  the  floor  of  the  cavity. 
Expansion  waves  are  generated  when  supersonic  flow  is  turned  away  from  itself  around  a 
convex  comer  (1:130).  Since  the  Mach  number  increases  in  an  expansion  wave,  the 
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pressure  decreases,  resulting  in  initial  pressure  coefficient  (Cp)  at  the  upstream  edge  of 
the  cavity  shown  in  Figure  3.  The  entire  trend  of  Cp  for  a  closed  flow  is  also  shown  in 
Figure  3. 

For  an  open  flow,  an  oblique  shock,  rather  than  an  expansion,  forms  at  the 
cavity’s  leading  edge.  The  shear  layer  does  not  impinge  on  the  cavity  floor  and  exhibits  a 
fairly  constant  Cp  except  near  the  trailing  edge  of  the  cavity.  Of  the  two  types  of  flows,  an 
open  flow  situation  exhibits  more  favorable  store  separation  conditions  (35:684).  At  an 
L/D  of  3.6,  the  cavity  in  this  experiment  is  expected  to  have  open  flow  characteristics, 
which  the  collected  data  supports. 


Closed  cavity  flow  (L/D  >  13)  Open  Cavity  Flow  (L/D  <  10) 

Figure  3.  Classifications  of  cavity  flows.  (35:683) 


The  resultant  characteristics  of  the  flow  internal  to  the  cavity  are  dependent  upon 
the  freestream  conditions,  the  incoming  boundary  layer,  and  the  shear  layer  over  the 

cavity.  Open  cavity  flow  is  usually  associated  with  high  dynamic  pressure  loads  on  the 
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floor  of  the  cavity  (33:1).  These  dynamic  pressure  loads  are  the  result  vortex  shedding, 
which  is  caused  by  unsteady  flow  in  the  shear  layer  (36:2).  A  simple  description  of  the 
generation  of  a  strong  single-  frequency  tone  in  the  cavity  should  be  discussed.  A  Kelvin- 
Helmholtz  (K-H)  instability  is  formed  at  the  point  of  interaction  of  flows  of  different 
velocities,  in  this  case,  the  supersonic  freestream  and  the  subsonic  flow  inside  the  cavity. 
This  K-H  instability  initiates  a  discrete  spanwise  vortex  sheet  at  the  leading  edge  of  the 
cavity.  As  the  vortex  convects  downstream,  it  grows  and  evolves  until  it  reaches  the 
trailing  edge  of  the  cavity  whereupon  it  interacts  with  the  downstream  wall  of  the  cavity 
and  a  pressure  wave  convects  upstream  through  the  subsonic  flow  within  the  cavity.  This 
pressure  wave  stimulates  the  formation  of  another  K-H  vortex  and  the  self-sustaining 
cycle,  termed  cavity  resonance,  is  repeated.  The  resonant  cavity  falls  in  the  same  category 
of  other  fluid-resonant  phenomena,  such  as  the  screech  tone  generated  by  an  under 
expanded  supersonic  jet  (21:1).  The  frequency  of  the  cavity  resonance  is  dominated  by 
the  cavity  geometry  and  freestream  velocity.  A  non-dimensional  measurement  of  the 
frequency  of  the  oscillations  is  the  Strouhal  number,  defined  as  (22:157): 


Where  Sn  is  the  Strouhal  number,/!,  is  the  frequency,  L  is  the  length  of  the  cavity, 
and  U  is  the  freestream  velocity.  To  determine  the  Strouhal  number,  and  subsequently  the 
oscillation  frequency  (using  known  geometry  and  velocity),  the  Rossiter  formula  is  used. 
Originally  the  Rossiter  formula  was  defined  as  (12:548): 
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where,  n  is  the  mode  of  the  frequency  present  (n=  1,2,  3...),  and  Cy  and  C2  are  constants 
which  have  been  experimentally  determined  to  be  0.25  and  0.57  respectively  (16:1).  The 
values  for  n  are  often  referred  to  as  Rossiter  modes. 

The  Rossiter  formula  was  subsequently  modified  by  Heller  et.  al.  to  improve 
accuracy  at  higher  levels  of  compressibility  by  assuming  the  cavity  speed  of  sound  is 
equal  to  the  freestream  speed  of  sound  (12:550).  The  preferred  form  of  the  Rossiter 
formula  applied  to  compressible  flow  is  the  modified  version  defined  as  (22:157): 


Sn  = 


n  -  C[ 


where  C/,  C2  and  n  are  as  defined  previously  and  ?  is  a  function  of  Mach  number  defined 
as: 


1=  Ml 


1  + 


1/2 


Based  on  given  conditions,  the  expected  frequency  of  the  cavity  resonance  can  be 
compared  to  a  measured  power  spectral  density  (PSD)  calculations  for  accuracy.  The 
PSD  provides  the  magnitude  of  the  resonance  (in  dB)  at  specific  frequencies.  In  other 
words,  PSD  is  a  measure  of  how  the  power  in  a  signal  depends  on  frequency.  The  higher 
the  PSD  is  at  any  given  frequency,  the  greater  the  pressure  fluctuations  at  the  point  where 
the  pressure  is  measured,  normally  from  a  fast  response  pressure  transducer. 

Zhang  and  Edwards  reported  that  for  a  given  cavity  dimension,  a  cavity  of  a 
given  L/D  produces  a  higher  level  of  fluctuation  for  a  Mach  1.5  freestream  than  for  a 
Mach  2.5  freestream.  They  investigated  a  variety  of  length- to- depth  ratios  and  found  that 


a  transition  from  a  relatively  weak  transverse  oscillation  to  a  relatively  strong 
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longitudinal  oscillation  occurs  as  L/D  is  increased  from  1  to  3.  Their  data  showed  the 
standard  deviation  of  the  pressure  normalized  by  the  dynamic  pressure  of  the  freestream 
is  a  factor  of  three-to-four  times  higher  for  a  Mach  1.5  freestream  than  for  a  Mach  2.5 
freestream  between  L/D  =  3  and  L/D  =  5.  However,  they  do  report  the  Mach  2.5 
freestream  leads  to  dominant  modes  (37). 

Murray  and  Elliott  utilized  Schlieren  photography  and  laser  sheet  lighting  to 
study  cavity  flow  for  freestream  conditions  ranging  from  Mach  1.8  to  Mach  3.5.  Using 
the  latter,  they  clearly  illustrated  the  decreased  coherence  of  spanwise  flow  structures  as 
the  freestream  Mach  number  was  increased  from  1.8  to  3.5.  They  also  report  the 
convective  velocity  of  the  dominant  structures  was  accurately  estimated  by  0.57  times  the 
freestream  velocity  (16). 

Unalmis  et  al.  have  reported  results  of  a  study  of  Mach  5  flow  over  a  cavity  for 
L/D=3  and  L/D=7  using  fast-response  pressure  transducers  and  laser  sheet  lighting. 
Interestingly,  no  evidence  for  coherent  structures,  typically  induced  by  cavity  acoustics  at 
lower  Mach  numbers,  was  observed.  Further,  they  reported  substantially  less  coupling 
between  the  cavity  pressure  fluctuations  and  the  shear- layer  fluid  dynamics  as  compared 
to  similar  flows  with  lower  freestream  Mach  numbers.  Lastly,  they  report  that  shock 
impingements  on  the  trailing  edge  of  the  cavity  are  aperiodic  for  their  conditions  studied 
(34). 

In  a  study  of  a  cavity  with  L/D  ranging  from  4  to  7  and  Mach  numbers  ranging 
from  0.8  to  3.0,  Heller  et  al.  (12)  used  a  variable  density  wind  tunnel  to  show  the 
fluctuation  level  is  very  sensitive  to  the  state  of  the  incoming  boundary  layer  in  highly 
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compressible  flow  environments.  They  measured  a  normalized  spectral  peak  nearly  30 
dB  higher  for  a  laminar  boundary  layer,  compared  to  a  turbulent  boundary  layer,  for  a 
Mach  3  freestream.  This  was  not  the  case  for  lower  Mach  number  values  where  the  state 
of  the  incoming  boundary  layer  had  little,  if  any,  affect  on  the  pressure  spectra.  The 
transition  from  a  laminar  to  turbulent  layer  is  a  function  of  the  Reynolds  number.  The 
Reynolds  number  (Re)  is  defined  as  (27:14): 


V 


where  V  is  the  freestream  velocity,  d  is  the  characteristic  distance  and  ?  is  the  kinematic 
viscosity.  The  critical  Reynolds  number  for  flow  over  a  plate  is  3.2x10^,  with  lower 
values  being  laminar  and  greater  values  being  turbulent  (27:41).  The  characteristic 
distance  most  frequently  used  in  cavity  flow  experiments  is  the  direction  of  the  flow 
between  the  upstream  edges  of  the  test  section  and  the  cavity.  In  each  of  these  studies,  a 
common  theme  is  increased  compressibility  leads  to  reduce  coherence  of  vortex 
structures  as  evidenced  by  both  flow  visualization  and  by  direct  pressure  measurements. 
Section  2  -  Flow  Control  Basics 

One  application  of  flow  control  devices  is  to  produce  an  environment  more 
favorable  to  releasing  stores.  Although  this  experiment  does  not  employ  any  type  of  flow 
control  devices,  it  is  noteworthy  to  mention  other  research  that  has.  Flow  control  devices 
are  either  one  of  two  types,  passive  or  active,  and  are  used  to  suppress  the  strong  pressure 
fluctuations  present  in  cavity  flows.  Passive  approaches  include  the  use  of  spoilers, 
cylindrical  rods  and  stationary  fences  (30;  32;  33).  Passive  devices  are  designed  to  be 
extended  into  the  incoming  boundary  layer  to  disrupt  the  formation  of  a  coherent 
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spanwise  shear  layer  and  prevent  the  formation  of  cavity  resonance  phenomena.  Passive 
devices  are  currently  in  use  today  on  military  aircraft. 

Active  approaches  include  the  use  of  oscillating  fences  (26),  upstream  blowing  (5; 
9),  and  acoustic  resonators  (24;  32).  All  have  been  utilized  to  disrupt  the  evolution  of 
well- organized  spanwise  vortical  structures  from  the  leading  edge  of  the  cavity. 
Oscillating  fences  are  similar  in  design  to  stationary  fences  except  they  have  a  forcing 
function  designed  to  oscillate  the  fence  at  a  desired  frequency.  The  desired  oscillation 
frequency  forces  the  shear  layer  at  a  frequency  different  from  the  cavity  resonant 
frequency  (25:94).  Upstream  blowing  is  the  injection  of  air  through  a  jet,  usually 
immediately  upstream  of  the  leading  edge  of  the  cavity.  The  jets  can  operate  continuously 
or  they  can  be  pulsed,  although  experimental  results  have  shown  that  continuous  injection 
is  more  effective  than  pulsed  injection  (5:7).  Acoustic  resonators  can  be  low  or  high 
frequency  relative  to  the  predicted  Rossiter  modes  with  the  newest  research  in  high 
frequency  areas.  Experiments  have  shown  high  frequency  resonators  are  able  to  reduce 
the  resonance  over  all  frequencies,  not  just  specific  frequencies  as  is  the  case  with  low 
frequency  resonators  (32:11).  A  recent  comprehensive  review  of  several  types  of  flow 
control  devices  in  a  cavity  flow  environment  is  given  by  Cattafesta  et.  al.  (6). 

Section  3  -  Store  Motion  Analysis 

Flow  in  and  around  a  weapons  bay  is  approached  from  a  different  perspective  by 
munitions  experts  concerned  with  the  trajectory  of  a  store  as  it  is  released.  From  this 
point  of  view,  the  highest  priority  is  that  the  store  separates  cleanly  from  the  aircraft  and 
that  its  trajectory  be  predictable  and  controllable.  In  such  an  approach,  the  mixing  layer  is 
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often  modeled  as  a  steady  flow  region  where  the  air  velocity  increases  from  a  region 
within  the  cavity  to  the  freestream  (29:2).  A  time-dependent  study  of  external  store 
separation  by  Mosbarger  and  King  lends  credence  to  the  general  approach  (15).  However, 
given  the  resonant  cavity  phenomena,  one  might  expect  the  fluctuations  in  flow 
properties  to  play  a  more  prominent  role  in  the  free  shear  layer  proximate  to  a  cavity. 
Even  minor  variations  in  the  store’s  initial  trajectory  could  lead  to  unpredictability  in  the 
ultimate  trajectory  of  the  store.  It  is  conceivable  that  acoustic  suppression  could  improve 
the  predictability  of  store  trajectory. 

To  this  end,  varied  approaches  using  computational  fluid  dynamics  tools  have 
been  applied  to  cavity-store  interaction  problems.  In  1992  Baysal  et.  al.  published 
findings  of  a  computational  study  utilizing  a  Reynolds  averaging  turbulence  model  to 
model  a  flow  about  a  store-cavity  combination  where  the  store  was  placed  alternatively 
within  or  wholly  outside  the  cavity  (2).  In  1995  Maple  and  Belk  developed  the  Beggar 
code,  which  offers  the  advantage  of  reduced  user  workload  by  automating  the  grid 
assembly  process.  Since  the  release  of  the  Beggar  code,  it  has  been  modified  to  meet 
evolving  requirements  and  can  now  provide  a  fully  time-accurate  store  separation 
prediction  (4:2).  More  recently,  Hamed  et.  al.  utilized  a  high-order  numerical  method 
employing  large  eddy  simulation  to  model  the  turbulence  in  a  Mach  1.19  flow  past  a 
cavity  with  L/D  =  5  (10:1). 

Section  4  -  Pressure  Sensitive  Paint  Methodology 

A  typical  PSP  comprises  two  main  parts:  an  oxygen- sensitive  luminescent 
molecule  placed  within  a  transparent  oxygen-permeable  binder  (3:159;  20).  The  PSP 
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method  is  based  on  the  sensitivity  of  the  luminescent  molecules  to  the  presence  of 
oxygen.  The  luminescent  material  and  the  binder  have  evolved  considerably  since  the 
creation  of  PSP.  Early  luminescent  materials  consisted  of  platinum  octacthylporphyin, 
known  as  PtOEP  using  a  silicone  polymer  as  a  binder.  PtOEP  had  a  pressure  sensitivity 
of  0.72%/psig  (meaning  a  1  psig  change  in  pressure  will  change  the  luminescence  by 
0.72%  of  the  initial  intensity)  and  a  response  time  of  2.5  sec.  (7:17).  The  newer  PtTFPP 
(platinum  tetra  prophyin)  using  a  FIB  (flouroacrylic  polymer  binder)  binder,  there  is  a 
considerable  improvement.  PtTFPP  has  a  pressure  sensitivity  of  6%/psig  and  a  response 
time  of  0.3  sec.  (19).  There  are  other  formulas  of  PSP,  but  these  two  are  mentioned  here 
as  a  basis  for  comparing  an  evolving  technology.  In  this  study  PSP  provides  only  mean 
pressures,  but  as  technology  improves  future  work  may  include  fluctuating  pressures 
through  the  use  of  PSP. 
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Figure  4.  Simple  schematic  of  PSP  principle.  (20) 
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Figure  4  shows  a  schematic  of  the  PSP  process.  When  a  luminescent  molecule 
absorbs  a  photon  of  a  specific  wavelength,  it  is  excited  to  an  increased  energy  state 
(excitation).  The  molecule  then  recovers  to  its  initial  state  through  the  emission  of  a 
photon  at  a  different  known  wavelength  (emission)  (20).  In  the  materials  used  for  PSP, 
oxygen  collides  with  the  molecules  so  the  emission  of  the  photon  during  the  transition  to 
the  initial  state  is  radiationless;  this  process  is  known  as  oxygen  quenching.  The  rate  of 
quenching  is  proportional  to  the  local  oxygen  partial  pressure,  which  is  inversely 
proportional  to  the  surface  pressure.  In  other  words,  local  regions  with  a  higher  rate  of 
oxygen  quenching  display  an  increase  in  the  intensity  of  light  emission,  which  in  air 
represents  a  lower  local  surface  pressure  (3:157).  The  emitted  photons  are  collected 
through  a  charged-coupled  device  (CCD)  camera  after  passing  through  a  filter  as  shown. 
The  governing  equation  for  oxygen  quenching  is  the  Stem-Volmer  Equation  (13:17): 

lo 

y  =  1  +  K,Po2 

where  1  is  the  luminescence,  /„  is  the  luminescence  in  a  vacuum,  Kq  is  the  Stem-Volmer 
constant,  and  P02  is  the  partial  pressure  of  oxygen.  4?  is  frequently  used  as  the  intensity  at 
atmospheric  conditions  since  a  vacuum  is  impossible  to  produce  in  most  wind  tunnels 
and  in  flight  testing. 
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III.  Experimental  Set-up  and  Procedure 


Section  1  -  Wind  Tunnel 

The  AFIT  blowdown  wind  tunnel  facility  uses  interchangeable  convergent- 
divergent  nozzles  to  generate  variable  speed  flows.  As  shown  in  Figure  5,  the  wind  tunnel 
is  supplied  with  high  pressure  air  (100  psi)  which  passes  through  a  pressure  regulator  into 
the  plenum  chamber.  The  air  then  passes  through  a  honeycomb  flow  straightener  and 
through  the  nozzle,  test  section,  diffuser  and  finally  through  large  diameter  piping  into 
the  vacuum  tanks.  Test  runs  of  ip  to  20  seconds  were  possible,  but  most  runs  were  on  the 
order  of  10  seconds. 


Pressui'a 


Pagulator 


To 

Vacuum 

Taiiks 


Figure  5.  AFIT  blowdown  wind  tunnel  facility.  Mach  2.9  nozzle  shown  (13:15). 
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The  test  section  is  6.4  cm  x  6.4  cm,  excluding  the  cavity.  Fast  response  pressure 
transducers  (Endevco  8530C-50,  0-50  psia  +  0.5%  and  as  noted  Endevco  8530C-15,  0-15 
psia  ±  0.5%)  were  used  to  record  the  mean  pressure  in  the  plenum  chamber  and  the  mean 
pressure  in  the  free  stream  of  the  test  section.  Complete  specifications  of  the  pressure 
transducers  are  found  in  Appendix  C.  The  resulting  pressure  ratios  yielded  Mach 
numbers  of  1.8  and  2.9  for  the  nozzles  used.  Erom  this  point  forward,  the  nozzles  will  be 
referred  to  as  Mach  1.8  or  Mach  2.9.  Flow  properties  for  both  nozzles  are  displayed  in 
Table  1.  Stagnation  properties  are  from  the  plenum  chamber,  and  freestream  properties 
for  the  for  test  section.  The  Reynolds  number  is  determined  from  the  definition  given  in 
Chapter  11. 

Table  1.  Flow  properties  for  test  conditions  for  the  experiments. 


Mach  1.8 

Mach  2.9 

To 

293  K  (527  "R) 

293  K  (527  "R) 

Po 

17.2  psi 

26.8  psi 

Ts 

178  K  (320  "R) 

109  K  (196  "R) 

Ps 

3.0  psi 

0.80  psi 

Mg 

1.8 

2.9 

Us 

481  m/s 
(1580  ft/s) 

606  m/s 
(1990  ft/s) 

Rex  (est.) 

5.7  X  lOVm 

4.6  X  10"/m 

Photos  of  the  experimental  set-up  are  shown  in  Figure  6.  The  cavity  can  be  seen 
near  the  center  of  Figure  6(b)  and  the  store  is  shown  within  its  boundaries  in  Figure  6(c). 
For  the  remainder  of  the  document,  “clean”  cavity  refers  to  the  cavity  without  the 
presence  of  the  store.  The  pressure  transducers  are  also  visible  in  Figure  6(c).  The 
transducers  were  flush  mounted  on  the  floor  of  the  cavity  for  the  reasons  discussed  in 
Chapter  1.  A  pneumatic  actuator  mounted  below  the  test  section  is  able  to  thrust  the  store 
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from  inside  the  cavity  through  the  shear  layer  and  into  the  supersonic  freestream  in  15 
milliseconds.  A  bellows  positioned  about  the  rod  was  available  to  prevent  ambient  air 
from  entering  the  test  section  through  the  cavity  floor  as  is  evident  in  Figure  6(a). 
However  in  most  tests  it  was  found  that  an  o-ring  seal  about  the  support  rod  effectively 
sealed  the  tunnel. 


(a) 


(b) 


(c)  (d) 

Figure  6.  Test  section  of  the  experimental  apparatus:  (a)  Tunnel,  Mach  1.8  nozzle  and  test 
section,  (b)  Clean  cavity  model  with  flush-mounted  transducers  present,  (c)  Cavity  with 
the  simulated  store  positioned  within  the  cavity,  and  (d)  Cavity  with  the  simulated  store 
extended  into  the  freestream. 
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The  cavity  geometry  is  shown  in  Figure  7.  The  coordinate  system  used  denotes  x 
in  the  streamwise  direction,  y  in  the  transverse,  or  vertical,  direction,  and  z  in  the 
spanwise  direction  with  z  =  0  along  the  tunnel  centerline.  The  cavity  depth,  D,  was  1.7 
cm,  the  cavity  length,  L,  \\as  6.1  cm  while  its  width,  W  was  6.4  cm  and  spanned  the 
tunnel.  The  length  to  depth  ratio  (L/D)  was  thus  3.6  for  each  test  performed.  The  store 
diameter,  d,  was  0.9  cm,  and  its  length  was  4.0  cm.  Five  transducers  shown  in  Figure  7(b) 
are  labeled  #1 :  x  =  1.5  cm,  z  =  -1.7  cm,  #2:  x  =  1.5  cm,  z=  1.7  cm,  #3:  x=  3.3  cm,  z  =  0 
cm,  34 :  X  =  4.6  cm,  z  =  - 1 .7  cm,  and  #5 :  x  =  4.6  cm  and  z  =  1 .7  cm.  Given  the  proximity 
of  transducer  #3  to  the  center  of  the  cavity  (x/L=  0.54  and  zAV  =  0),  it  is  denoted  the 
central  transducer. 
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Figure  7.  Schematic  of  (a)  a  side  view  of  the  cavity  and  (b)  a  top  view  of  the  store 
location  within  the  cavity  with  approximate  pressure  transducer  locations  indicated  with 
the  small  circles.  Italicized  reference  numbers  for  the  transducers  are  given  in  (b). 


All  transducers  used  were  Endevco  8530C-50  (0-50  psig  +  0.5%)  except  vhere 
noted  in  Chapter  IV.  The  transducers  were  connected  directly  to  Endevco  Model  4428A 
Conditioners  and  the  data  was  acquired  through  a  1  MHz  Nicolet  data  acquisition  system 
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to  a  PC.  Pressure  data  was  sampled  at  100  kHz  and  roughly  65,000  data  points  were 
collected  each  run. 

Section  2  -  Pressure  Sensitive  Paint  System 

Pressure  Sensitive  Paint  was  applied  to  the  floor  of  the  cavity  and  to  the  simulated 
store  as  explained  in  Chapter  I.  The  PSP  used  in  this  experimental  procedure  was  Uni- 
FIB  from  Innovative  Scientific  Solutions  Inc.  (ISSI).  Uni-FIB  is  a  single  layer  PSP 
composed  of  a  platinum  tetra  prophyin  (PtTFPP)  pressure- sensitive  luminophore  in  a  FIB 
binder.  One  of  the  key  features  of  this  type  of  paint  is  its  insensitivity  to  temperature 
when  utilized  in  combination  with  appropriate  lighting  and  filters.  PtTFPP  has  an 
excitation  spectrum  from  380  nm  to  540  nm  with  a  strong  peak  at  395  nm.  The  emission 
spectrum  of  PtTFPP  is  from  610  nm  to  720  nm  with  a  peak  at  650  nm  (19).  For  all  testing 
conditions  the  PSP  was  illuminated  by  ISSFs  2  inch  blue  LED  light  source  at  405  nm. 
The  luminescence  from  the  test  area  is  captured  by  the  camera  after  passing  through  a 
610  nm  Schott  glass  cutoff  filter. 

Images  of  the  intensity  of  the  PSP  during  various  test  conditions  were  taken  with 
a  12-bit  Photometries  HQ  camera  with  a  1392  by  1040  imaging  array.  A  single  image 
was  captured  for  each  experimental  condition.  The  typical  exposure  time  was  set 
differently  for  the  two  freestream  Mach  number  conditions  (approximately  0.2  seconds 
for  !N^ch  1.8  freestream  condition  and  0.1  seconds  for  Mach  2.9)  in  order  to  take  full 
advantage  of  the  response  time  of  the  paint.  In  general,  the  mean  pixel  intensity  recorded 
during  an  experiment  was  about  1500  while  the  dark  image  value  was  90.  Care  was  taken 
to  prevent  saturation  of  the  camera  (pixel  intensity  of  4096)  anywhere  within  the  field  of 
view.  Figure  8  is  representative  of  the  range  of  intensities  present  at  different  pressures, 
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as  shown  by  the  linear  and  non-linear  regions.  For  pressures  ranging  from  2  to  5  psi,  a  0.1 
psi  change  in  pressure  resulted  in  a  change  of  15  pixel  levels  of  intensity.  For  the  non¬ 
linear  region,  from  0  to  2  psi,  a  0.1  psi  change  in  pressure  resulted  in  a  change  of 
approximately  71  pixel  levels. 


Figure  8.  Pixel  intensity  response  to  pressure  change. 


On  days  when  PSP  data  was  being  taken,  the  experimental  procedure  began  with 
an  in-situ  calibration  of  the  PSP.  Since  the  AFIT  blowdown  wind  tunnel  facility  is 
capable  of  generating  a  variety  of  mean  pressures  in  the  test  section  based  on  residual 
pressure  within  the  vacuum  tank,  the  in-situ  calibration  was  straight  forward.  A  minimum 
of  eight  pressure  levels  were  utilized  during  calibration.  The  calibration  coefficients  (or 
Stern- Volmer  coefficients)  were  determined  by  processing  the  known  pressure  values 
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along  with  their  corresponding  images  through  ISSI’s  calibration  software.  When 
calibration  of  the  PSP  on  the  store  was  required  it  was  placed  at  the  y  =  -1  cm  position.  In 
this  situation  the  pressure  transducers  were  not  directly  on  the  surface,  such  as  when  the 
PSP  on  the  cavity  floor  was  calibrated,  but  they  were  in  close  enough  proximity  to 
accurately  calibrate  the  PSP.  The  calibration  software  can  essentially  fit  a  ninth  order 
polynomial  in  the  form  of  (3:184): 


(lref\  (irefV 

I  /  J  I  /  J 


For  this  experiment  a  second  order  polynomial  (only  three  coefficients)  was  sufficient  to 
calibrate  the  paint  since  temperature  effects  were  negligible  in  the  temperature  range  of 


the  tests.  Despite  the  fact  the  calibration  software  automatically  produced  the  calibration 
coefficients,  a  sample  calibration  curve  along  with  the  subsequent  polynomial  is  shown  in 
Figure  9.  The  daily  calibration  procedure  was  necessary  in  order  to  account  for  changes 
in  the  luminescence  properties  of  the  PSP  over  time. 
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p  =  -0.9133  +  5.4383(1, e, /I)  +  8.0244(1, g/l)^ 
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Figure  9.  Sample  calibration  curve  for  Mach  2.9  freestream  flow. 

For  image  processing  purposes  a  reference  image  was  acquired  at  ambient 
pressures,  known  as  a  “wind-off’  image.  In  addition,  a  “dark”  image  (PSP  lighting 
system  off)  was  taken  to  characterize  the  ambient  light  in  the  room.  These  two  images 
along  with  the  images  acquired  during  testing  conditions,  or  “wind-on”  images,  were 
processed  to  obtain  surface  pressure  contours  using  ISSFs  Pro-Image  spatial  mapping 
software.  Using  the  corresponding  calibration  coefficients  and  the  “dark”,  “wind-off’, 
and  “wind-on”  images  in  ISSFs  Pro-Image  Software,  the  mean  pressure  over  the  painted 
surface,  whether  it  was  the  cavity  floor  or  the  simulated  store,  was  determined.  To  verify 
the  accuracy  of  the  calibration,  the  mean  pressure  measured  by  the  PSP  was  then 
compared  to  the  mean  pressure  measured  by  the  transducers,  bearing  in  mind  the  PSP 
values  are  from  the  pixel  location  nearest  the  transducer  since  the  transducers  themselves 
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were  not  painted.  Results  are  shown  in  Table  2.  For  a  more  thorough  discussion  of  the 
measurement  technique,  the  reader  is  referred  to  Bell  et.al.  (3). 


Table  2.  Correlation  of  Transducer  and  PSP  pressure  readings.  Data  from  Mach  1.8 
(freestream)  with  no  store  present. 


Transducer 

Number 

Pressure  (psia) 

% 

Difference 

Transducer 

PSP 

1 

4.18 

4.23 

1.18 

2 

4.26 

4.25 

3 

4.03 

4.04 

4 

3.99 

4.02 

5 

3.94 

3.99 

The  PSP  data  collection  occurred  in  several  steps.  The  cavity  floor  mean  pressure 
data  was  obtained  either  without  the  store  present  or  using  an  un-painted  store  with  the 
PSP  applied  to  the  cavity  floor.  The  components  were  painted  (and  therefore  tested) 
separately  for  the  main  reason  the  camera  lens  could  not  focus  on  both  the  cavity  floor 
and  the  store  at  the  same  time.  When  the  un-painted  store  placed  within  the  cavity  it  was 
manually  psitioned  at  four  different  heights  with  respect  to  the  cavity  edge  (y  =  0). 
Positions  were  below  the  edge  (inside  the  cavity)  at  y  =  -1  cm  and  y=  -0.5  cm.  Positions 
above  the  cavity  (freestream)  included  y  =  0.5  cm.  All  intensity  images  were  taken 
directly  above  the  cavity  using  the  Photometries  camera. 

When  the  painted  store  was  used  the  cavity  floor  was  unpainted.  In  addition  to  the 
previous  four  positions  used,  two  more  positions  were  added  at  y  =  -0.25  cm  and  y  =  0.25 
cm  due  to  the  high  variability  of  the  pressure  on  the  store  in  this  range.  Intensity  images 
were  taken  with  the  camera  positioned  directly  above  and  also  at  a  position  of  roughly  45 
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degrees  off  the  nose  of  the  store  and  slightly  below  the  store.  The  same  procedure  and 
conditions  were  used  for  both  the  Mach  1.8  nozzle  and  the  Mach  2.9  nozzle. 

Section  3  -  Schlieren  Photography 


condenser 


Figure  10.  Schlieren  photography  set-up  (28:42) 


The  standard  Z  set-up  was  used  for  the  high  speed  Schlieren  photography,  as 
shown  in  Figure  10.  The  parabolic  mirrors  were  12  inches  in  diameter  and  had  a  focal 
length  of  80  inches.  The  light  source  was  a  continuous  wave  high  DC  voltage  mercury 
arc  lamp  with  an  intensity  of  140,000  candles  per  square  centimeter.  The  images  were 
taken  at  either  4,000  frames  per  second  or  at  the  equipment  maximum  speed  of  16,000 
frames  per  second  with  a  shutter  speed  of  1/128,000  using  a  Photron  FASTCAM-X  1280 
PCI  camera  manufactured  by  Cooke.  The  knife  edge  was  placed  in  the  horizontal 
position,  with  the  edge  positioned  on  top.  At  4,000  frames  per  second,  the  entire  test 
section  above  the  cavity  was  visible,  making  it  ideal  for  visualizing  the  interaction  of  the 
cavity  and  the  freesti'eam.  At  16,000  frames  per  second  the  images  were  smaller  and 
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focused  on  the  structure  of  the  shear  layer  that  formed  over  the  cavity  at  the  various  test 
conditions.  Images  were  processed  through  a  PC  using  Photron  Motion  Tools  software 
program.  Real-time  variations  in  the  Schlieren  images  due  to  rapidly  changing  density 
field  were  captured.  Schlieren  images  were  obtained  after  all  PSP  data  was  collected  due 
to  the  extensive  set-up  of  both  data  acquisition  systems. 
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IV.  Results 


Section  1  -  Clean  Cavity 

To  begin  to  understand  the  interaction  of  the  cavity  and  the  simulated  store,  the 
initial  step  is  to  begin  to  characterize  the  flow  field  for  the  clean  cavity  without  the  store 
present.  This  baseline  information  is  instrumental  to  determining  the  effect  of  the  store  on 
the  cavity  system. 

Section  1.1  -  Pressure  Sensitive  Paint  Data 

Initial  PSP  measurements  were  performed  on  the  cavity  floor.  The  global 
mapping  of  the  mean  pressure  and  the  pressure  coefficient,  following  the  convention  of 
reference  31,  for  the  cavity  floor  at  free  stream  Mach  numbers  of  1.8  and  2.9  are  shown 
in  Figure  11.  For  the  Mach  1.8  case,  the  pressure  along  the  span  of  the  farthest 
downstream  portion  of  the  floor  is  roughly  39%  higher  than  that  of  the  upstream  portion 
of  the  floor.  One  interesting  characteristic  of  the  Mach  1.8  case  is  the  “u”  shaped  region 
of  lower  pressure  present  upstream  of  the  pressure  rise  at  the  trailing  edge  of  the  cavity, 
which  indicates  a  three-dimensional  circulation  pattern  in  the  region.  This  phenomenon  is 
not  clearly  identifiable  in  the  Mach  2.9  flow.  Overall,  the  pressure  map  appears  more 
uniform  for  the  Mach  2.9  freestream.  These  results  are  generally  consistent  with  the 
findings  of  reference  31,  where  static  pressure  measurements  were  taken  along  the 
spanwise  center  of  cavities  for  a  variety  of  geometries  and  flow  conditions. 
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Figure  11.  PSP  measurements  of  cavity  floor  with  no  store  present,  (a)  Mach  1.8  mean 
pressure,  (b)  Mach  2.9  mean  pressure,  (c)  Mach  1.8  Cp.  (d)  Mach  2.9  Cp.  Flow  direction 
is  from  bottom  to  top. 


As  a  comparison  to  existing  data,  the  pressure  coefficient  calculated  from  the  PSP 
data  was  compared  to  similar  data  from  NASA  Technical  Paper  2683  (31:12).  The 
existing  data  is  for  L/D  =  4  and  W/D  =  5  whereas  the  data  from  this  experiment  is  for 
L/D  =  3.6  and  W/D  =  3.8.  The  PSP  data  is  obtained  slightly  offset  from  the  centerline 
since  pressure  transducer  #3  was  located  on  the  centerline,  while  the  NASA  data  is  from 
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the  centerline.  Considering  these  minor  differences  in  cavity  geometry  results  are 
consistent  with  the  expected  open  cavity  behavior.  There  is  a  slight  difference  at  the 
trailing  edge  as  shown  by  the  higher  for  the  larger  L/D  cavity  in  Figure  12.  This  is 
expected  from  the  discussion  in  Chapter  II  and  Figure  3  as  the  cavity  moves  closer  to  the 
geometry  associated  with  closed  cavity  flow. 
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Figure  12.  Comparison  of  Cp  results  to  existing  data  as  a  function  of  streamwise  distance. 


Section  1.2  -  High  Speed  Pressure  Transducer  Data 

Pressure  data  was  acquired  by  each  Endevco  transducer  at  100  kHz.  To  verify  the 
correlation  of  the  PSP  pressure  data  to  the  pressure  transducers  a  single  plane  of  PSP  data 
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adjacent  to  transducers  #1  and  #4  was  compared  to  the  mean  pressure  of  transducers  #1 
and  #4.  The  results  are  shown  in  Figures  13  and  14.  Error  bars  for  the  combined  ±0.5% 
error  (0.50  psia)  of  the  transducers  along  with  the  signal  conditioners  are  included  in  the 
figures. 


Distance  along  Plate  (Plate  Dimension=6.1  cm) 


Figure  13.  PSP  Data  correlation  to  pressure  transducer  data  for  Mach  1.8. 
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Distance  along  Plate  {Plate  Dimension=6.1  cm) 


Figure  14.  PSP  Data  correlation  to  pressure  transducer  data  for  Mach  2.9. 


The  high-speed  transducers  were  used  to  analyze  tfie  fluctuation  of  the  pressure 
on  the  cavity  floor  to  further  understand  the  clean  cavity  flow  field.  The  pressure 
transducer  data  was  grouped  in  bins  of  512  points  and  196,608  data  points  were  used  to 
calculate  the  power  spectra  plots.  A  plot  of  temporal  pressure  fluctuations  normalized  by 
the  mean  pressure  is  shown  in  Figure  15  for  the  central  transducer  (#3)  with  no  store 
present  for  Mach  1.8  and  Mach  2.9  test  conditions.  The  corresponding  power  spectra  are 
given  in  Figure  16. 
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Figure  15.  Normalized  temporal  pressure  data  for  Mach  1.8  and  Mach  2.9  for  the  central 
transducer.  No  store  is  present. 
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Figure  16.  Frequency  spectra  from  the  pressure  measurements  taken  from  the  central 
transducer  (#3)  located  within  cavity  floor.  No  store  is  present. 


The  Mach  1.8  condition  yielded  a  strong  peak  near  7  kHz  with  a  weaker  sub- 
harmonic  peak  located  near  14  kHz.  Using  the  approach  of  Rockwell  and  Naudascher, 
the  n  =  5  Rossiter  mode  under  the  test  conditions  equates  to  a  frequency  of  7.0  kHz.  For 
one  point  of  comparison,  Zhang  and  Edwards  report  dominant  mode  peaks  at  roughly  6 
kHz  at  Mach  1.5  in  a  cavity  with  an  L/D  of  4.0  (37:361). 

Figure  16  also  displays  the  absence  of  a  distinct  peak  in  the  spectra  taken  from 
the  cavity  floor  for  a  free  stream  Mach  number  of  2.9.  This  result  was  in  stark  contrast  to 
the  Mach  1.8  results.  In  order  to  rule  out  the  possibility  the  lower  mean  pressure  values 
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corresponding  to  the  Mach  2.9  freestream  were  responsible  for  the  lack  of  a  measured 
coherent  spectral  peak,  the  50  psia  Endevco  transducers  in  locations  #3  and  #4  were 
replaced  with  15  psia  transducers,  thereby  increasing  the  signal- to- noise  ratio  by  a  factor 
of  three.  The  differences  between  the  data  collected  by  the  transducers  can  be  found  in 
Appendix  B.  While  the  15  psia  transducers  did  exhibit  a  higher  standard  deviation,  which 
correlates  to  greater  pressure  fluctuations,  the  spectral  data  for  each  location  did  not 
change  appreciably  and  the  50  psia  transducers  were  reinserted  and  used  for  the 
remainder  of  the  experiment.  Rossiter  concluded  that  at  transonic  speeds,  flow  over  a 
cavity  contains  periodic  and  random  components,  with  the  random  component 
dominating  for  a  L/D  >  4  and  the  periodic  component  dominating  for  a  L/D  <  4  (23:12). 
This  is  consistent  for  the  Mach  1.8  freestream  case,  but  more  investigation  is  required  for 
the  Mach  2.9  freestream  condition. 

As  noted  in  Chapter  II,  Heller  et  al.  showed  the  upstream  boundary  layer  state 
influences  the  development  of  cavity  tones  for  a  Mach  3  freestream  but  was  of  less 
consequence  for  lower  freestream  Mach  number  values  (12:548).  The  Reynolds  Number 
(Re)  was  calculated  to  be  4x10^  for  the  Mach  2.9  freestream  and  6x10^  for  the  Mach  1.8 
freestream,  both  values  generally  corresponding  to  a  turbulent  boundary  layer  over  a  flat 
plate.  While  the  incoming  boundary  layers  are  both  classified  as  turbulent,  the  frequency 
spectra  display  very  different  results,  but  consistent  with  the  findings  by  Heller  et.  al. 
Section  1.3  -  Schlieren  Photography  Data 

Averaged  Schlieren  images  were  obtained  with  an  exposure  time  of  0.001  seconds 
and  provided  a  good  visualization  of  the  overall  flow  structures  in  the  proximity  of  the 
cavity.  In  Figure  17,  the  flow  is  moving  left  to  right  for  each  case  and  both  freestream 
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Mach  numbers  exhibit  similar  features.  Both  images  have  the  characteristic  leading  and 
trailing  edge  shocks  usually  associated  with  open  cavity  flows  and  each  contains  a  region 
of  sharp  contrast  along  the  free  shear  layer.  The  obvious  difference  is  the  angle  of  the 
shocks  with  respect  to  the  horizontal.  In  the  Mach  2.9  freestream  case  the  shocks  are 
canted  over  more,  or  more  attached  than  at  the  lower  Mach  number,  which  is  consistent 
with  compressible  flow  theory.  Some  other  items  to  mention  are  the  superfluous  shocks 
emanating  from  the  upper  left  side  of  the  images.  These  are  due  to  discontinuities  in  the 
transition  from  the  nozzle  to  the  test  section.  At  the  time  these  images  were  recorded 
there  was  also  a  scratch  on  the  wall  of  the  test  section  in  the  images  within  the  cavity  that 
is  visible. 
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Figure  17.  Averaged  Schlieren  photography  of  cavity  taken  with  an  exposure  time  of 
0.001  seconds  without  store  present.  Flow  is  from  left  to  right,  (a)  Mach  1.8,  (b)  Mach 


2.9. 


To  characterize  the  time- dependent  properties  of  the  free  shear  layer  sequences  of 
successive  Schlieren  images  of  the  clean  cavity  were  collected  and  analyzed.  The  images 
were  acquired  at  16,000  frames  per  second  with  a  shutter  speed  of  1  microsecond.  In  the 
Mach  1.8  flow,  views  of  the  classic  “whipping”  flow  and  widening  shear  layer  that  are 


commonly  associated  with  flow  over  a  cavity  were  captured.  A  sample  is  shown  in 
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Figure  18.  Additional  images  are  found  in  Appendix  A  Using  the  average  convective 
velocity  within  the  shear  layer  (Uc=0.57U8)  confirmed  by  Murray  and  Elliott  (16:846), 
one  would  expect  a  structure  to  convect  1.7  cm  (0.68  inches,  which  is  0.28L)  downstream 
per  frame.  This  corresponds  well  qualitatively  to  the  results  shown  in  Figure  18,  where  a 
single  structure  is  subjectively  tracked  from  approximately  0.2L  to  0.8L  in  the  course  of 
three  successive  frames,  as  noted  by  the  arrows. 


Figure  18.  Five  successive  Schlieren  images  separated  by  6.25e-5  seconds  characterizing 
the  shear  layer  for  Mach  1.8  flow.  Flow  is  from  left  to  right. 

When  the  Mach  number  was  increased  to  2.9,  the  “whipping”  motion  clearly 
identified  for  Mach  1.8  was  not  present.  The  most  likely  explanation  is  the  structures 
within  the  free  shear  layer  decrease  in  spanwise  coherence,  or  become  more  three- 
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dimensionaL  As  a  result,  the  optical  averaging  inherent  to  Schlieren  photography 
conceals  the  convection  and  development  of  individual  density  waves.  Because  of  this,  it 
became  nearly  impossible  to  qualitatively  correlate  flow  structures  from  frame-to-frame 
in  any  meaningful  way,  as  can  be  seen  in  Figure  19.  Additional  images  are  found  in 
Appendix  A.  The  arrows  are  a  subjective  attempt  to  follow  a  singe  flow  structure 
downstream.  While  the  freestream  velocity  was  somewhat  higher,  the  predicted 
downstream  movement  of  a  single  flow  structure  is  2.2  cm  (0.85  inches,  which  is  0.35L) 
per  frame  which  falls  within  the  range  that  could  be  captured  by  the  camera  in  real  time. 
That  being  said,  there  are  some  interesting  features  of  Figure  19  which  should  be  noted. 
For  example,  an  individual  shock  emanating  from  a  particularly  strong  flow  structure 
within  the  shear  layer  is  evident  in  the  third  image. 
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Figure  19.  Five  successive  Schlieren  images  separated  by  6.25e-5  seconds  characterizing 
the  shear  layer  for  Mach  2.9  flow.  Flow  is  from  left  to  right. 

Section  2  -  Cavity  with  Store  Present 

To  study  the  interaction  of  the  cavity  and  store  system,  two  approaches  were 
taken.  To  begin,  the  store  was  placed  at  several  different  stationary  heights.  Pressure 
transducer  data  on  the  cavity  floor,  PSP  data  on  the  cavity  floor  and  the  store  itself,  and 
Schlieren  photography  were  all  employed  to  characterize  the  flow  field.  Second, 
Schlieren  photography  was  used  to  examine  the  effect  of  the  system  as  the  store  was 
thrust  from  inside  the  cavity  through  the  shear  layer  and  into  the  freestream. 
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Section  2.1  -  Cavity  with  Stationary  Store  Present 
Section  2.1.1  -  High  Speed  Pressure  Transducer  Data 

To  begin  with,  the  effect  of  the  presence  of  the  store  on  the  frequency  spectra  is 
examined.  Figure  20  displays  the  frequency  spectra  measured  by  the  central  transducer 
(transducer  #3)  for  the  Mach  1.8  freestream  flow.  As  the  store  placement  was  changed 
from  inside  the  cavity  to  locations  nearer  to,  and  finally  within  the  free  stream,  the 
magnitude  of  the  resonant  peak  diminished.  With  the  store  positioned  within  the  cavity, 
the  spectrum  is  qualitatively  similar  to  that  of  the  cavity  without  the  store  present.  There 
is  a  peak  at  7.0  kHz,  though  its  amplitude  has  been  reduced  by  about  17  dB,  compared  to 
the  clean  cavity.  Likewise,  a  sub-harmonic  is  present  at  14  kHz.  With  the  store  positioned 
at  y  =  -0.5  cm,  the  peak  in  the  spectra  shifted  from  7.0  kHz  to  6.8  kHz  and  increased 
slightly  while  the  level  of  the  sub-harmonic  dropped  slightly.  With  the  store  position 
increased  to  y  =  0,  the  peak  frequency  shifted  downward  to  6.6  kHz,  and  the  level 
dropped  slightly.  With  the  store  positioned  at  y=  0.5  cm  the  tone  dissipated  to  the  level 
where  it  was  undetectable  from  background  noise,  with  similar  results  at  y  =  0.8  cm  The 
general  trend  is  the  periodic  pressure  fluctuations  diminish  as  the  store  moves  from  inside 
the  cavity  through  the  shear  layer  and  into  the  free  steam.  Analysis  of  the  Mach  2.9 
frequency  spectra  for  various  store  positions  yielded  similar  results  to  the  clean  cavity 
conditions  shown  in  Figure  16  in  that  no  clearly  identifiable  resonant  peaks  were 
observed. 
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Figure  20.  Frequency  spectra  taken  from  the  central  transducer  for  a  stationary  store  at  5 
different  vertical  positions  for  free  stream  Mach  number  of  1.8. 


To  analyze  at  the  pressure  fluctuations  from  another  perspective,  the  standard 
deviation  of  the  pressures  of  the  central  transducer  transducer  #3)  and  transducer  #4, 
located  near  the  rear  wall  of  the  cavity,  for  both  free  stream  Mach  numbers  at  various 
store  heights  is  examined.  In  Figure  21,  the  standard  deviation  of  the  pressures  is 
normalized  by  their  respective  free  stream  pressure  and  the  effect  of  store  location  on  this 
value  is  plotted.  The  first  noteworthy  difference  is  the  overall  trend  of  the  Mach  1.8 
versus  the  Mach  2.9  cases.  The  central  transducer  for  the  Mach  1.8  condition  revealed  an 
overall  decrease  in  the  standard  deviation  as  the  store  was  moved  from  inside  the  cavity 
into  the  free  steam  while  transducer  #4  was  nearly  constant.  This  is  consistent  with  the 
frequency  spectra  data  from  the  central  transducer  shown  in  Figure  20  that  shows  a 
decrease  in  the  resonant  peaks  as  the  store  moves  into  the  freestream.  Interestingly,  the 
Mach  2.9  case  has  the  opposite  trend  as  the  standard  deviation  of  the  pressure  increases 
as  the  store  is  extended  into  the  free  stream.  No  comparisons  can  be  made  with  the 
frequency  spectra  data  since  a  resonant  peak  was  not  seen  at  any  store  location  for  the 
Mach  2.9  condition.  However,  it  does  reveal  the  influence  the  store  has  on  the  fluctuation 
of  the  pressure  on  the  cavity  floor. 

One  possible  explanation  is  that  as  fie  store  is  moved  into  the  Mach  2.9  free 
stream,  it  may  divert  more  energy  from  the  supersonic  flow  into  the  shear  layer  and 
subsequently  into  subsonic  cavity  region,  generating  greater  pressure  fluctuations.  By 
contrast,  the  energy  in  the  Mach  1.8  freestream  is  likely  introduced  by  the  “whipping” 
motion.  In  this  flow  the  store  apparently  disrupts  the  coherence  of  the  shear  layer, 
reducing  the  “whipping”  motion  and  subsequently  reducing  the  measured  level  of 
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pressure  fluctuations.  The  increased  level  of  fluctuations  for  the  Mach  2.9  case  is 
particularly  pronounced  for  transducer  #4,  located  closer  to  the  rear  wall. 


Store  position  (cm) 


Figure  21.  Standard  Deviation  of  pressure  from  central  transducer  and  transducer  near 
trailing  edge  of  cavity  as  a  function  of  store  location  for  Mach  =1.8  and  Mach  =  2.9.  The 
y  =  0  location  is  along  the  plane  of  the  cavity  lip. 

Regardless  of  the  veracity  of  this  hypothesis,  Figure  21  raises  some  significant 
concerns.  First  of  all,  different  speeds  have  a  different  effect  on  the  flow  conditions 
within  the  cavity  as  the  store  moves  through  the  shear  layer.  It  appears  at  lower 
supersonic  speeds  the  store  attenuates  the  cavity  resonance,  but  when  the  Mach  number  is 
increased,  the  fluctuations  tend  to  increase  when  the  store  is  positioned  in  the  shear  layer. 
The  second  concern  is  the  increase  in  the  pressure  fluctuations  closer  to  the  rear  of  the 
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cavity.  This  becomes  a  concern  in  weapons  bays  where  stores  are  placed  head  to  tail,  the 
stores  located  at  the  rear  of  the  weapons  bay  are  subjected  substantially  to  different 
release  characteristics  than  at  the  front  of  the  weapons  bay.  This  configuration  is  mostly 
used  with  “dumb”  bombs  that  have  no  means  of  correcting  an  undesired  release 
trajectory.  Therefore  the  probability  of  one  or  several  of  the  stores  missing  their  intended 
target  is  increased.  Another  problem  is  weapons  at  the  rear  of  the  cavity  are  subjected  to 
these  higher  fluctuations  which  can  lead  to  frequencies  that  coincide  with  the  natural 
frequency  of  the  tail  assembly  of  the  store.  This  leads  to  significant  damage,  and 
obviously,  an  unusable  weapon. 

Section  2.1.2  -  Schlieren  Photography  Data 

A  time- averaged  Schlieren  visualization  of  the  cavity  with  the  store  present  is 
given  in  Figure  22  and  is  compared  to  Figure  17  to  determine  the  effect  of  the  presence  of 
the  store.  The  images  were  acquired  with  an  exposure  time  of  1  millisecond.  With  the 
store  positioned  completely  within  the  cavity  there  is  no  visual  effect  from  the  store  on 
the  creation  of  the  shear  layer  as  the  flow  interacts  with  the  cavity.  It  must  be  noted  the 
images  were  obtained  at  different  times  and  subtle  differences  in  lighting  between  the 
Mach  1.8  and  Mach  2.9  are  due  to  small  variations  in  the  set-up  of  the  Schlieren 
equipment.  Notable  features  of  the  unimpeded  flow  are  the  shock  wave  at  the  leading 
edge,  the  free  shear  layer,  and  the  shock  impinging  upon  the  downstream  portion  of  the 
cavity.  It  also  appears  that  an  oblique  shock  is  located  just  downstream  of  the  cavity.  The 
observation  of  these  components  of  the  flow  field  is  consistent  with  published  results. 
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As  the  store  begins  to  enter  the  shear  layer  at  the  y  =  0  position,  the  store 
dramatically  changes  the  flow  properties.  The  most  obvious  change  is  the  shock  wave 
that  forms  on  the  nose  of  the  store  as  it  enters  the  supersonic  flow.  A  small  expansion  fan 
is  attached  to  the  store’s  upper  surface  as  the  conical  nose  transitions  to  the  cylindrical 
body.  One  difference  visible  between  the  Mach  1.8  and  Mach  2.9  case  is  the 
impingement  shock  on  the  rear  of  the  cavity  is  disrupted  in  the  Mach  2.9  flow,  but  is  still 
visible  in  the  Mach  1.8  flow. 

At  store  position  y  =  0.5  cm  the  nose  of  the  store  is  slightly  above  the  free  shear 
layer  and  a  shock  wave  appears  to  be  forming  on  the  underside  of  the  store  toward  the 
cavity  as  well  as  continuing  into  the  free  steam.  In  comparison  with  the  clean  cavity 
images,  there  is  evidence  the  store  is  ‘fulling”  the  shear  layer  away  from  the  top  of  the 
cavity  as  the  store  moves  through  the  shear  hyer.  This  phenomenon  is  further  explored 
later  in  the  document  when  the  moving  store  is  analyzed.  The  impingement  shock  is  still 
visible  for  Mach  1.8  but  not  Mach  2.9. 

The  small  difference  in  the  location  indicated  for  the  last  row  of  images  arises 
because  when  the  store  was  positioned  at  y  =  1.0  cm  in  the  Mach  1.8  flow,  the  flow  was 
choked  at  the  store  locatioa  This  was  not  an  issue  for  the  Mach  2.9  condition  and  thus 
the  y  =  1.0  position  was  used.  At  this  y- location  the  store  has  exited  the  cavity,  except  for 
the  attachment  rod.  Notably,  the  shock  ends  when  it  hits  the  shear  layer  at  the  cavity.  One 
would  expect  an  expansion  fan  to  be  reflected  back  toward  the  store.  Indeed,  upon  close 
observation,  a  subtle  pattern  can  be  identified  for  freestream  Mach  numbers  of  both  1.8 
and  2.9.  However,  this  property  is  difficult  to  see  clearly,  in  part  because  of  the  spanwise 
optical  averaging  inherent  to  Schlieren  photography. 
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The  upstream  portion  of  the  shear  layer  appears  to  continue  to  shift  toward  the 
store.  However,  in  the  images  corresponding  to  Mach  2.9  the  impingement  shock  on  the 
trailing  edge  is  clearer  and  comparable  to  the  images  corresponding  to  the  store 
placement  within  the  cavity,  despite  the  presence  of  the  attachment  rod.  The  strong 
density  gradient  s  responsible  for  the  bright  and  dark  regions  of  the  picture  suggest  that  a 
released  store  undergoes  great  variations  of  pressure  between  its  upper  and  lower  surfaces 
as  it  moves  out  of  the  cavity  into  a  supersonic  freestream.  This  is  corroborated  by  the 
literature  and  by  analysis  of  the  PSP  data. 

Section  2.1.3  -  Pressure  Sensitive  Paint  Data 

PSP  data  was  acquired  on  the  cavity  floor  with  a  store  fixed  in  place  for  each 
Mach  number  and  is  shown  in  Figure  23.  The  mean  pressure  on  the  cavity  floor  with  the 
store  in  place  displays  a  similar  pattern  as  those  taken  without  the  store  with  the 
exception  of  a  slight  overall  increase  in  mean  pressure.  As  the  store  is  moved  out  of  the 
cavity  the  mean  pressure  continues  to  increase.  At  position  of  x  =  5  cm  and  z=  1.3  cm 
the  pressures  were  compared  for  the  various  store  heights.  For  the  Mach  1.8  freestream 
the  pressure  increased  from  4.3  psi  to  5.3  psi,  roughly  a  25%  increase.  For  the  Mach  2.9 
freestream  the  pressure  increased  from  0.8  psi  to  1.3  psi,  roughly  a  60%  increase.  This  is 
plausibly  a  result  of  the  shock  that  is  formed  at  the  nose  of  the  store  as  the  store  moves 
through  the  shear  layer  and,  ultimately,  moves  into  the  freestream.  It  should  be  noted  for 
the  y  =  -0.5  cm  position  for  the  Mach  2.9  condition  there  is  an  unexplained  apparent  low 
pressure  region  on  the  image.  The  shape  of  this  region  is  the  same  as  the  shadow  that  was 
cast  by  the  store  onto  the  plate  and  is  not  likely  an  accurate  measurement  in  this  area. 
This  shadow  was  present  in  all  raw  images,  but  the  calibration  and  normalization  process 
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removed  them  from  the  final  result  in  all  other  cases.  All  images  were  processed  in  an 
identical  manner,  yet  the  shadow  remained  in  this  one  image. 
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Figure  23.  Effect  of  store  position  on  mean  pressure  on  cavity  floor,  y  =  0  corresponds  to 
store  positioned  at  cavity  edge  for  (a)  Mach  1.8  and  (b)  Mach  2.9.  Flow  is  from  bottom  to 
top. 
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PSP  was  also  utilized  to  measure  the  pressure  distribution  on  the  stationary  store 
for  both  conditions.  Again,  the  floor  mounted  transducers  were  used  in  the  calibration 
process.  The  store  was  placed  in  the  lowest  possible  position  (y  =  -1  cm)  and,  even 
though  the  pressure  transducers  were  not  directly  on  the  surface,  they  were  in  close 
enough  proximity  to  accurately  calibrate  the  PSP.  Figure  24  combines  two  separate  views 
of  the  store.  The  top  (freestream  side)  view  of  the  store  is  shown  in  the  upper  portion  of 
the  figure  while  a  perspective  view,  primarily  taken  from  the  side  of  the  store,  is  shown  in 
the  lower  portion  of  the  figure.  In  each  case,  the  store  was  positioned  at  different  y- 
locations,  as  noted.  Both  flows  exhibit  the  same  overall  trends  of  rising  pressure  on  the 
nose  of  the  store  as  it  enters  the  shear  layer  and  moves  into  the  free  stream. 
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Figure  24.  Effect  of  store  position  on  mean  pressure  on  the  store.  Side  and  top  views  of 
store  at  various  heights  with  respect  to  the  cavity.  Top  view,  flow  is  from  bottom  to  top. 
Side  view,  flow  is  from  right  to  left. 


The  area  of  lower  pressure  on  the  cylindrical  body  just  aft  of  the  nose  is  due  to  the 
expansion  fan  that  was  visible  in  the  Schlieren  images.  On  the  cavity-side  of  the  nose  of 
the  store  there  is  a  small  patch  of  lower  pressure  which  begins  when  the  store  is  at  the  y  = 
0  position.  This  is  due  to  the  shear  layer  impinging  on  the  store.  This  low  pressure  spot 
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remains  even  though  the  store  is  moved  above  the  shear  layer.  This  could  be  further 
evidence  of  the  shear  layer  translating  away  from  the  cavity  as  the  store  also  translates 
away  from  the  cavity.  This  corresponds  well  with  observations  of  the  Schlieren  images. 
The  discontinuities  near  the  trailing  edge  of  the  store  for  the  Mach  2.9  side  view  were  due 
to  lubricant  contamination. 

With  the  successful  mapping  of  the  mean  pressure  on  the  store,  it  was  decided  to 
go  beyond  the  initial  goals  of  the  experiment  and  calculate  the  aerodynamic  coefficients 
on  the  store  to  further  explore  the  capabilities  of  the  PSP  system.  Using  the  pressure 
distribution  on  the  store  at  the  various  heights,  it  is  a  time-consuming,  but  straightforward 
process  to  calculate  lift  coefficient  (Cl)  and  the  pitching  moment  (Cm)  on  the  store.  The 
drag  coefficient  (Cd)  is  also  determined,  but  the  contribution  due  to  the  pressure  which  is 
acting  on  the  rearward  facing  circular  region  at  the  trailing  edge  of  the  store  was  not 
visible  with  the  camera  position  used  and  therefore,  not  included  in  the  calculations.  To 
distinguish  this,  subsequent  values  computed  for  the  remaining  surface  is  denoted  Cd’- 
The  freestream  velocity,  dynamic  pressure,  and  total  store  surface  area  vere  used  to 
compute  the  coefficients.  The  integration  of  the  pressure  coefficient  over  the  surface  of 
the  store  was  completed  using  OMS  3.0  software  program  ProField  and  geometry  files 
created  by  Dr.  Sergey  Fonov  (8).  It  is  noteworthy  to  discuss  the  experimental  procedures 
for  the  calculation  process.  The  tedious  step  was  accurately  aligning  the  two-dimensional 
PSP  image  with  the  three-dimensional  geometry  mesh.  Since  the  camera  position  was  not 
changed  for  each  image  acquisition,  variations  in  position  of  the  store  as  the  images  were 
recorded  made  each  alignment  different.  This  made  it  quite  difficult  to  exactly  align  each 
image  every  time  which  produced  an  uncertainty  of  ±10%  in  the  final  calculations.  Once 


54 


the  images  were  aligned,  the  only  additional  information  required  by  the  software  to 
perform  integration  process  was  area  and  length  information  of  the  store. 

Due  to  the  properties  of  the  shear  layer  the  trend  of  the  aerodynamic  coefficients 
are  quite  interesting.  Figure  25  displays  Cl  for  both  freestream  Mach  numbers  at  various 
positions.  A  positive  Cl  is  in  the  direction  of  pulling  the  store  away  from  the  cavity, 
where  a  negative  Cl  would  be  pushing  the  store  back  into  the  cavity.  The  overall  trend  is 
an  increasing  Cl  as  the  store  exits  the  cavity  for  both  freestream  Mach  numbers.  At  the  y 
=  0.25  cm  position  the  Mach  1.8  case  displays  a  large  decrease  in  Q,.  This  is  most 
certainly  due  to  the  velocity  field  created  by  the  shear  layer.  The  overall  trend  of 
increasing  Cl  continues  as  the  store  is  moved  past  the  shear  layer  into  the  freestream.  For 
the  Mach  2.9  case  the  decrease  in  Cl  occurs  at  the  y  =  0.5  cm  position.  Again  the  shear 
layer  is  responsible  for  the  decrease  and  examining  the  Schlieren  images,  it  is  easy  to  see 
the  shear  layer  is  higher  above  the  cavity  for  the  Mach  2.9  case  than  the  Mach  1.8  case.  If 
the  store  was  moved  to  higher  positions  above  the  cavity,  one  would  expect  Cl  to 
continue  to  rise  until  it  reached  a  steady  position  when  placed  entirely  in  the  freestream, 
away  from  the  effects  of  the  shear  layer. 
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Figure  25.  Lift  coefficient  at  various  store  position  for  both  freestream  Mach  numbers. 
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Figure  26  displays  the  results  for  Cd’-  As  expected  the  overall  trend  is  an  increase 
of  Cd’  as  the  store  is  moved  from  inside  the  cavity  and  the  slower  moving  air,  to  outside 
the  cavity  and  the  faster  moving  air. 


Store  Position  (cm) 


Figure  26.  Drag  coefficient  at  various  store  position  for  both  freestream  Mach  numbers. 


57 


In  Figures  27  and  28,  the  results  of  Cn,  are  shown,  with  the  center  of  moment  at 
the  nose  of  the  store  and  at  the  center  of  the  store,  respectively.  A  positive  moment  is  a 
counter-clockwise  rotation,  or  the  tail  is  rotated  back  into  the  cavity.  In  both  figures  for 
the  Mach  2.9  flow.  Cm  is  fairly  constant  at  all  positions,  with  a  slight  overall  increase.  An 
interesting  trend  occurs  for  the  Mach  1.8  flow.  In  Figure  27  displays  a  large  decrease 
at  the  y  =  -0.25  cm  and  y  =  0.25  cm  positions.  In  Figure  28,  Qn  becomes  negative  for 
these  two  positions.  At  the  y  =  -0.25  cm  position  this  is  most  likely  caused  by  the  lack  of 
a  low  pressure  region  formed  on  the  upper  side  of  the  store,  while  the  nose  begins  to 
experience  a  pressure  rise.  At  the  y  =  0.25  cm  position,  the  low  pressure  region  on  the 
upper  side  of  the  store  is  small  in  comparison  to  the  pressure  rise  on  the  nose  of  the  store. 
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Figure  27.  Pitching  Moment  at  various  store  position  for  both  freestream  Mach  numbers. 
Moment  center  is  about  nose  of  store. 
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Figure  28.  Pitching  Moment  at  various  store  position  for  both  freestream  Mach  numbers. 
Moment  center  is  about  center  of  store. 


Section  2.2  -  Cavity  with  Moving  Store  Present 

With  the  effects  of  the  statbnary  store  on  the  cavity  accurately  characterized,  a 
qualitative  analysis  of  the  flow  about  a  moving  store  was  performed  using  a  pneumatic 
actuator  to  rapidly  move  the  store.  Upon  activation,  the  store  moved  from  within  the 
cavity  into  the  free  stream  in  about  15  milliseconds.  The  images  given  in  Figure  29  are 
for  both  freestream  Mach  numbers  and  are  separated  by  20  frames  (1.25  x  10’^  seconds) 
to  show  the  motion  of  the  store.  The  starting  positions  of  the  store  are  the  same  in  both 
columns,  but  the  difference  in  appearance  is  from  camera  position  and  the  Schlieren  set¬ 
up.  In  this  sequence,  more  evidence  of  the  free  shear  layer  rising  up  with  the  store  is 
given.  As  the  store  exits  the  cavity,  the  shear  layer  appears  to  impinge  upon  the  store  at 
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the  same  spot,  even  though  the  store  continues  to  move  out  of  the  shear  layer.  The  time- 
response  of  the  paint  used  in  PSP  was  insufficient  for  applicable  time-dependent  pressure 
measurements. 
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(a)  (b) 

Figure  29.  Sequence  of  12  images  of  a  moving  simulated  store  in  freestream,  (a)  Mach 
1.8,  (b)  Mach  2.9.  As  the  store  begins  within  the  cavity  (top)  passes  through  the  free 
shear  layer  (bottom).  The  pictures  are  separated  by  1.25  x  10'^  seconds  and  are  essentially 
uncorrelated  in  time,  apart  from  the  store  motion.  The  exposure  time  was  1  x  10'^ 
seconds. 
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To  quantify  the  displacement  of  the  shear  layer  that  is  shown  in  Figure  ^  the 
intensity  of  selected  images  for  the  Mach  2.9  freestream  flow  were  analyzed.  As  shown 
in  Figure  29(b)  the  dark  regions  characterize  the  shear  layer,  and  therefore  have  a  lower 
intensity  level  than  the  surrounding  area.  By  examining  the  intensity  on  a  vertical  plane 
directly  in  front  of  the  store  at  various  store  heights,  it  allows  tracking  of  the  lower 
intensity  regions  as  shown  in  Figure  30.  When  the  intensity  reaches  zero,  the  center  of  the 
shear  layer  has  been  determined.  As  the  store  starts  in  the  cavity  and  begins  to  exit  there 
is  little  displacement  of  the  shear  layer.  But  as  the  store  reached  y  =  2  cm  and  above  there 
is  a  much  larger  displacement  of  the  shear  layer.  Between  the  store  positions  of  y  =  1  cm 
and  y  =  3.1  cm,  the  shear  layer  displaces  approximately  from  y  =  0.25  cm  to  y  =  0.75  cm, 
roughly  0.5  cm,  or  a  200%  increase  in  the  position  of  the  center  of  the  shear  layer. 
Schlieren  images  of  the  stationary  store  at  different  heights  were  also  examined  to  ensure 
the  shear  layer  displacement  is  caused  by  the  presence  of  the  store  and  not  just  the  motion 
of  the  store.  The  results  for  the  stationary  store  and  the  moving  store  were  very  similar 
and  only  the  moving  store  figure  is  shown. 

In  a  weapons  bays  where  there  are  multiple  stores  released  almost  simultaneous  ly, 
the  initial  stores  leaving  the  weapons  bay  will  traverse  the  shear  layer  and  displace, 
encountering  one  type  of  flow  structure  during  release,  but  the  store  that  is  release 
immediately  after  the  first  will  encounter  the  displaced  shear  layer  and  another  type  of 
flow  structure  during  release.  Again,  this  can  lead  to  the  stores  missing  their  intended 
target. 
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Figure  30.  Displacement  of  shear  layer  as  shown  by  changes  in  pixel  intensity  for  various 
store  heights. 
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V.  Conclusions 


Section  1  -  Summary 

A  single  cavity  with  a  length  to  depth  ratio  of  3.6  and  single  store  geometry  were 
tested  in  AFIT’s  supersonic  blowdown  wind  tunnel  facility.  These  measurements  were 
carried  out  for  both  a  clean  cavity  and  for  a  cavity  containing  a  modeled  store  in  order  to 
better  capture  the  flow  physics  corresponding  to  a  weapons  release.  Freestream 
conditions  of  Mach  1.8  and  Mach  2.9  were  explored.  Data  was  obtained  with  an  array  of 
high-speed  pressure  transducers,  pressure  sensitive  paint  (PSP),  and  Schlieren 
photography. 

Stated  concisely,  the  overall  goal  of  this  experiment  is  to  accurately  characterize 
aspects  of  the  interaction  of  a  cavity  and  simulated  store  in  a  supersonic  freestream  flow. 
In  addition  to  this  goal,  the  extensive  use  of  PSP  in  this  experiment  vastly  improved 
working  knowledge  at  AFIT  of  the  use  and  capabilities  of  PSP  as  a  non- intrusive  pressure 
measurement  system.  The  experimental  results  gained  from  this  experiment  successfully 
led  to  increase  understanding  of  the  complex  store-cavity  interaction  that  occurs  at 
supersonic  speeds.  Furthermore,  this  research  provides  benchmark  global  mean  pressure 
data  that  could  later  be  compared  to  time-accurate  PSP  measurements  or  to  cases  where 
flow  control  devices  are  implemented  to  alleviate  the  undesirable  characteristics  of 
supersonic  store  release  from  a  cavity. 

The  initial  step  in  achieving  this  goal  was  to  characterize  the  clean  cavity. 
Schlieren  photography  of  the  clean  cavity  indicated  the  three-dimensionality  of  the  flow 
increased  at  higher  Mach  numbers.  This  observation  was  re-enforced  by  analysis  of  the 
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frequency  spectra  measured  by  transducers  located  on  the  cavity  floor,  which  indicated 
the  absence  of  a  resonant  peak  when  the  freestream  was  Mach  2.9.  PSP  was  also  used  to 
measure  the  mean  pressure  on  the  floor  of  the  clean  cavity.  It  revealed  a  pressure  rise  at 
the  trailing  edge  of  the  cavity  for  both  freestream  Mach  numbers. 

With  an  understanding  of  the  clean  cavity  flow  field,  the  simulated  store  was 
placed  in  the  cavity  to  gain  an  understanding  of  the  interaction  of  the  cavity  and  the  store 
as  a  system.  High-speed  Schlieren  images  for  both  a  stationary  and  a  rapidly  translating 
store  were  captured  for  both  freestream  conditions.  In  general,  the  visualized  density 
gradients  indicated  strong  fluctuations  in  the  instantaneous  pressure  field,  which  could 
affect  store  trajectory. 

The  presence  of  a  store  in  proximity  to  the  cavity  produced  some  interesting 
changes  in  the  mean  and  fluctuating  pressure  on  the  cavity  floor.  In  the  Mach  1.8  flow, 
the  resonant  tones  associated  with  cavity  flow  were  present  when  the  store  was  within  the 
cavity  but  were  eliminated  when  the  store  was  placed  within  the  free  shear  layer  (y  =  0). 
For  both  the  Mach  1.8  and  the  Mach  2.9  freestream,  the  mean  pressure  levels  on  the 
cavity  floor  increased  as  the  store  location  was  shifted  from  within  the  cavity  (y  <  0)  to 
locations  outside  the  cavity  (y>0).  On  the  other  hand,  the  standard  deviation  of  the 
pressure  on  the  cavity  floor  showed  opposing  trends,  decreasing  for  Mach  1.8  and 
increasing  for  Mach  2.9  as  the  y  position  was  increased. 

PSP  applied  to  the  modeled  store  provided  global  mean  pressure  measurements. 
With  reference  to  Figure  24,  the  overall  pressure  on  the  freestream  side  of  the  nose  of  the 
store  is  higher  than  on  the  cavity  side.  Downstream  of  the  nose,  the  trend  is  opposite  as 
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pressures  are  higher  on  the  cavity  side  of  the  cylindrical  section  of  the  store  than  on  the 
freestream  side  of  the  store. 

Going  beyond  the  initial  goal  of  the  experiment,  calculations  of  the  aerodynamic 
coefficients  on  the  store  revealed  some  interesting  phenomenon.  Placement  of  the  store  in 
the  shear  layer  temporally  disrupts  the  overall  trend  of  an  increase  of  Cl.  The  increase  in 
Cl  acts  to  pull  the  store  away  from  the  cavity,  and  needs  to  be  taken  into  account  when 
trying  to  predict  store  trajectory.  As  expected,  Cd’  increases  as  the  store  is  moved  from 
the  low  speed  flow  inside  the  cavity,  to  the  high  speed  flow  outside  the  cavity.  For  the 
Mach  2.9  flow.  Cm  is  fairly  constant  at  all  positions,  with  a  slight  overall  increase.  For  the 
Mach  1.8  flow,  Qi  displays  a  large  decrease  at  the  y  =  -0.25  cm  and  y  =  0.25  cm 
positions  and  becomes  negative  at  these  positions  when  the  center  of  moment  is  at  the 
center  of  the  store. 

Schlieren  images  of  a  stationary  store  showed  the  shear  layer  was  disrupted  by  the 
store  when  it  was  placed  at  or  outside  of  the  free  shear  layer.  An  objective  analysis  of  the 
images  indicates  the  shear  layer  shifts  outward  toward  the  store  when  the  y- location  of 
the  store  was  greater  than  zero. 

Applying  these  results  to  practical  applications,  the  most  notable  is  multiple  store 
release  from  a  cavity  at  supersonic  speeds.  The  two  major  issues  are  the  effect  of  the 
streamwise  placement  of  the  store  and  the  effect  of  the  displacement  of  the  shear  layer  as 
the  store  moves  through  it.  Both  of  these  conditions  result  in  different  release 
characteristic  for  individual  stores,  making  it  difficult  to  predict  the  motion  of  every  store 
as  it  exits  the  weapons  bay  and  enters  the  freestream  conditions. 
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Section  2  -  Future  Considerations 


This  experiment  just  touches  the  surface  of  the  experimental  possibilities 
available  with  the  existing  equipment  at  AFIT.  The  ability  to  configure  the  wind  tunnel 
with  different  cavity  and  store  geometries  presents  endless  possibilities.  Fabricating  a 
scale  model  of  an  actual  store  in  the  military  inventory  today  would  be  interesting.  The 
ability  to  see  the  effects  of  a  supersonic  release  from  a  cavity  on  an  existing  store  could 
provide  valuable  insight  on  the  use  to  the  weapon  in  future  aircraft. 

The  use  of  flow  control  devices  would  also  be  a  logical  next  step.  Active  or 
passive  devices  could  be  used  to  control  the  shear  layer  dynamics  to  improve  store 
release  conditions.  Several  types  are  available  and  experiments  with  some  of  them  could 
reveal  the  effectiveness  of  each  type  at  certain  freestream  conditions. 

PSP  is  a  powerful  pressure  measurement  tool  available  for  use  in  a  variety  of 
experimental  situations.  The  knowledge  gained  fom  using  PSP  during  this  experiment 
will  allow  future  work  at  AFIT  to  further  exploit  the  power  of  PSP  in  other  aerodynamic 
experiments. 
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Appendix  A  -  Additional  Schiieren  Images 


Figure  31.  12  successive  Schiieren  images  separated  by  6.25e-5  seconds  characterizing 
the  shear  layer  for  Mach  1.8  flow.  Flow  is  from  left  to  right. 
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Figure  32.  12  successive  Schlieren  images  separated  by  6.25e-5  seconds  characterizing 
the  shear  layer  for  Mach  2.9  flow.  Flow  is  from  left  to  right. 
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Appendix  B  -  Additional  Pressure  Transducer  Data 


Table  3.  Normalized  Standard  Deviation  and  Mean  Pressure  for  all  transducers  for  clean 
cavity  and  the  store  at  various  locations  Mach  1.8. 


Trans. 

Number 

Sp/Pg 

Sp/Pg 

Sp/Pg 

1 

0.0764 

3.9861 

0.0812 

3.9939 

0.0742 

4.0031 

2 

0.0624 

4.0106 

0.0686 

4.0341 

0.0608 

4.0458 

3 

0.2078 

3.9738 

3.9692 

0.1016 

4 

0.1601 

3.7954 

■1^ 

3.8206 

0.1410 

5 

0.1244 

3.3878 

0.1373 

3.8448 

0.1208 

4.0506 

Store 

Position 

y  =  -1.0  cm 

y  =  -0.5  cm 

y  =  0  cm 

Trans. 

Number 

Sp/Pg 

Sp/Pg 

Sp/Pg 

1 

0.0763 

4.2503 

0.0796 

4.6046 

0.06916 

4.1283 

2 

0.0602 

4.2769 

0.0624 

4.6214 

0.0798 

4.0643 

3 

0.0784 

4.2457 

0.0830 

4.6137 

0.1854 

3.9610 

4 

0.1430 

4.2529 

0.1620 

4.6101 

0.1405 

3.7655 

5 

0.1240 

4.3031 

0.1333 

4.6624 

0.1642 

3.7590 

Store 

Position 

y  =  0.5  cm 

y  =  0.8  cm 

Clean  Cavity 
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Table  4.  Normalized  Standard  Deviation  and  Mean  Pressure  for  all  transducers  for  clean 
cavity  and  the  store  at  various  locations  Mach  2.9. 


Trans. 

Number 

Sp/Pg 

Sp/Pg 

Sp/Pg 

1 

0.0872 

0.8173 

0.0841 

0.8171 

0.0913 

0.8830 

2 

0.0316 

0.9005 

0.0315 

0.9097 

0.0340 

0.9275 

3 

0.0568 

0.8898 

0.0522 

0.8759 

0.0474 

0.9160 

4 

0.0675 

0.8598 

0.0633 

0.8488 

0.0786 

0.9290 

5 

0.0495 

0.8842 

0.0447 

0.8763 

0.0497 

0.9344 

Store 

Position 

y  =  -1.0  cm 

y  =  -0.5  cm 

y  =  0  cm 

Trans. 

Number 

Sp/Pg 

Mean 

P(psi) 

Sp/Pg 

Mean 

P(psi) 

Sp/Pg 

Sp/Pg 

1 

0.0948 

0.9593 

0.1127 

1.0775 

0.0740 

0.8538 

N/A 

N/A 

2 

0.0456 

1.0322 

0.0569 

1.1646 

0.0425 

0.9155 

N/A 

N/A 

3 

0.0694 

1.0260 

0.0951 

1.1767 

0.0526 

0.8850 

0.0645 

0.8963 

4 

0.1303 

1.0515 

0.1945 

1.1929 

0.0653 

0.9107 

0.0902 

0.8319 

5 

0.0709 

1.0455 

0.1034 

1.1925 

0.0475 

0.8851 

N/A 

N/A 

Store 

Position 

y  =  0.5  cm 

y  =  1.0  cm 

Clean  Cavity 

Clean  Cavity 
0-15  psia  Trans. 
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Appendix  C  -  Pressure  Transducer  Specifications 


SPECIRCATIONS 

CCRTIFIEO  PCRFOnMANCC:  AR  specfflcations  Bssurne  *75*F  (■h24*C}and  10Vac«KataUon  ukIms  otfitrwiM  stsM. tollQwng 
patam«t«rs  tn  lOOA;  MctM  CMbration  data.  iraoMbw  to  lha  Nakonal  Inatiiuta  of  Stvidarda  and  TachnotOQy  (NIST),  la  supf»ad. 
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01 
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Figure  33.  Endevco  Pressure  Transducer  Specifications. 
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